Here, we examined long-term synaptic plasticity in the avian auditory midbrain, a region involved in experience-dependent learning. We found that coactivation of N-methyl-D-aspartate receptors (NMDAR) and type 1 cannabinoid receptors (CB1R) induces long-term depression (LTD) at the synapse between the central shell and the external portion of the inferior colliculus of the chicken. Although endocannabinoids are commonly thought of as presynaptic modulators, recent reports have suggested that they can also modulate the postsynaptic site. In the avian midbrain, we found that LTD is mediated by both presynaptic and postsynaptic changes. The presynaptic mechanism consists of a decrease in neurotransmitter release, whereas a depression of NMDAR-mediated current takes place on the postsynaptic side. Both the presynaptic and the postsynaptic effects depend on CB1R activation. The reduction of postsynaptic NMDAR currents represents a novel role of endocannabinoids in synaptic modulation.
Introduction
The auditory midbrain is attractive to study synaptic plasticity because it has been involved in experience-dependent learning of auditory spatial cues in birds and mammals (King et al., 1988; Knudsen and Knudsen, 1989) . However, there have been few studies on long-term synaptic plasticity in this region of the brain (Hosomi et al., 1995; Zhang and Wu, 2000; Wu et al., 2002) . We studied neurons in the external part of the midbrain auditory torus (EX) of the chicken, which is the external section of the nucleus mesencephalicus lateralis pars dorsalis (MLd) (Puelles et al., 2007) . Early work has shown that neurons in the chicken MLd respond to auditory spatial cues (Coles and Aitkin, 1979) . In barn owls, EX is the site where visually instructed modulation of the auditory spatial tuning takes place (Brainard and Knudsen 1993) . EX is therefore a good candidate for the study of synaptic plasticity. We used late chicken embryos to examine activity-dependent modulation at the synaptic connection between EX cells and their afferent input, which originate in the central shell part of the midbrain auditory torus (CSh) (Puelles et al., 2007) . In this synapse, we observed a form of LTD mediated by endocannabinoids (eCB).
Induction of most eCB-mediated LTDs depends solely on the activation of type 1 cannabinoid receptors (CB1R), whereas others require coactivation of both presynaptic N-methyl-Daspartate receptors (NMDAR) and CB1R (Sjöström et al., 2003; Bender et al., 2006) . These forms of LTD are expressed presynaptically . However, one group has shown that CB1R activation is necessary for the induction of a postsynaptically expressed LTD (Safo and Regehr, 2005) . Despite the apparent ability of eCBs to modulate both sites of the synapse, it is unclear whether coincident presynaptic and postsynaptic eCBmediated LTD occurs in the brain.
We report here the first evidence of long-term synaptic plasticity observed at the external portion of the avian inferior colliculus. Unlike previously described eCB-LTD, this phenomenon is expressed both at the presynaptic and postsynaptic sites. We identified a novel effect of eCBs, consisting of a reduction in postsynaptic NMDAR current. This effect may alter the ability of NMDAR signaling to modulate synaptic function.
Materials and Methods
Slice preparation. We used chicken embryos from embryonic day 17 (E17) to E19. Slices were prepared by making brain sections parallel to the dorsoventral axis of the optic lobe. Slices were then incubated for 1 h at 38°C in artificial CSF (ACSF) containing (in mM): 139 NaCl, 2.9 KCl, 1 MgSO 4 , 3.14 CaCl 2 , 17 NaHCO 3 , and 12.2 D-glucose, bubbled with 95% O 2 and 5% CO 2 , and pH ϭ 7.4. The same solution was used as recording solution.
Electrophysiology. Whole-cell patch-clamp recordings of EX neurons were performed at 38°C (Temperature Controller, Warner Instrument) using a MultiClamp 700B amplifier (Axon Instruments). The recording electrodes were filled with a solution containing (in mM): 110 K gluconate, 10 HEPES, 10 NaCl, 10 phosphocreatine (dipotassium salt), 0.2 EGTA, 5 ATP (dimagnesium salt), 0.4 GTP (trisodium salt) and 10 glucose, pH 7.2. In all experiments picrotoxin (100 M) was added to the ACSF used for perfusion during recording, to block GABA A receptors. In a set of experiments (in M) 50 D-AP5 or 100 D-CPP were used to block NMDAR, and 25 DL-TBOA, 2 A.M.-251 or 5 SR-141716A and 120 LY367385 were used to block glutamate uptake, CB1R and mGluR1/5, respectively. WIN55212-2 (5 M) and DHPG (50 M) were used as CB1R and mGluR1/5 agonists. Intracellular dialysis with MK-801 (1 mM) was used to block postsynaptic NMDARs. BAPTA (10 mM) was applied to sequester intracellular postsynaptic calcium. G i/o blocker pertussis toxin (PTX, 200 ng/ml) and the PKA inhibitor PKI 6-22 (10 M) were used to block G i/o and PKA, respectively. PTX was prepared from a stock solution containing 50 g of the protein in 500 l of a 0.01M sodium phosphate buffer and 0.05 M sodium chloride solution at pH 7.0, as indicated by the provider (Tocris). Other than the standard ATP used for the recording-electrode solution, no supplemental activators were used during intracellular dialysis with PTX. This is consistent with the manufacturer's statement that activation is only required in cellfree media and to a careful analysis of the literature which indicates that the pertussis toxin is activated on entrance to the cell by an ATP-dependent mechanism (for review see Kaslow and Burns 1992) . GDP-␤S (2 mM) was used as a broad spectrum G-protein blocker. ACSF chemicals were obtained from Sigma-Aldrich. All drugs were obtained from Tocris except for GDP-␤S, which was bought from BIOMOL.
EX neurons were recorded in voltage clamp configuration. Currents were low-pass filtered at 3 kHz and acquired with 5 kHz sampling rate using Igor Pro software (WaveMetrics). Membrane potentials were held within Ϫ65 to Ϫ75 mV. Input resistance and series resistance were monitored throughout each experiment with test pulses of 10 mV and 80 ms duration at the beginning of each trace.
For pathway stimulation, patch-type pipettes of larger tip size (10 -20 M) were filled with saline. The position of the stimulating electrode in CSh was determined by first localizing the central core part of the midbrain auditory torus (CCo), which is easily identifiable visually as a denser area; CSh is located in between CCo and EX ( Fig. 1 A) . Electrical stimulation consisted of pulses of 50 -300 A and 0.1 ms duration delivered to CSh every 5 s.
Experiments in which the series resistance changed by Ͼ20% were excluded from our study. We measured the latency and rise time of the EPSCs evoked CSh stimulation. The latency was determined by measuring the time between the peak of the stimulation artifact and the response peak. The rise time was assessed as the time interval between the 20% and the 80% of the EPSCs' peak amplitude. Only synaptic responses that exhibited latency and rise time values consistent with monosynaptic connections were used (see Results).
LTD at CSh-EX synapses was induced after obtaining a stable baseline with CSh stimulation at 0.2 Hz for 5 min or more. The high-frequency stimulation (HFS) protocol consisted of four trains of one hundred pulses at 100 Hz with an intertrain interval of 5-7 s under current clamp configuration. The lowfrequency stimulation (LFS) protocol consisted of paired stimulation of CSh at 1 Hz (interstimulus interval of 40 ms) for 4 min. The HFS protocol was chosen after pilot experiments showed that a classical LFS protocol did not induce LTD in this synapse (see Results).
NMDA/AMPA ratios were measured as follows: neurons were hyperpolarized to Ϫ80 mV and CSh was stimulated at 0.2 Hz to determine the timing of the AMPA current. Then, NMDA/AMPA ratios were calculated by measuring the amplitude of both the AMPAR and NMDAR components at ϩ 50 mV to reduce Mg 2ϩ blockade of the NMDAR. The time selected to measure the AMPA component was determined at Ϫ80 mV, whereas the NMDAR component was measured 20 ms after the stimulus onset. At this point AMPA responses decayed almost completely (90 -95%) and the amplitude of the NMDA responses could be estimated with minimal noise. In addition, synaptic responses from experiments performed with bath application of AP5 showed full decay by 20 ms. In a subset of experiments NMDAR and AMPAR components were both measured at Ϫ10 mV (indicated in the text).
Immunohistochemistry. Chicken embryos age E21 were perfused transcardially with 100 ml of 0.1 M phosphate buffer (PB), followed by 200 ml of 4% paraformaldehyde in PB (fixative), and then 100 ml of 10% sucrose in fixative (all ice-cold). The brain was removed, immersed in 30% sucrose in PB at 4°C . Arrows indicate the interval over which the rise time of the synaptic current was measured. B, Right, Three overlaid EPSCs (each trace is an average of six trials) evoked by 10 Hz stimulation of CSh. Red, blue, and green represent stimuli 1, 2, and 3 respectively. The dashed line passes through the peak of the largest EPSC, for time reference. C, Immunohistochemistry for ␣CaMKII selectively labels EX neurons' cell bodies (inset), which lie around the CCo. Slice shown at 4ϫ magnification (inset at 40ϫ). d, Dorsal; l, lateral; OT, optic tectum.
overnight, for cryoprotection. Midbrain sections (25 m) parallel to the dorsoventral axis of the optic tectum were cut with a cryostat. Sections were incubated in a blocking solution containing (in %): 4.0 normal goat serum (Vector Laboratories, Burlingame, CA), 0.4 Triton X-100, and 1.0 bovine serum albumin (BSA; Sigma, St. Louis, MO) for 1 h at room temperature. Primary antibodies were diluted in 1.0 normal goat serum, 0.3 Triton X-100, and 1.0 BSA. The antibody used was anti-␣CaMKII at 1:100 dilution (clone 6G9, subtype IgG1; Millipore). The tissue was incubated in primary antibody for 24 -48 h at 4°C under gentle agitation. After primary antibody incubation, the tissue was rinsed two times for 5 min in 0.02 Triton X-100 and 0.25 BSA at room temperature. Sections were later incubated at 4°C for 12-24 h in a solution containing biotinylated anti-mouse diluted at 1:200 in 0.02 Triton X-100 and 1.0 BSA as secondary antibody. Before mounting, the tissue was rinsed five times for 2 min in 0.25 BSA and two times for 5 min in PB. Tissue sections were mounted, dehydrated, and then coverslipped using Permount (Fisher Scientific). All dilutions were made in 0.1 M PB, except where indicated.
Results
We performed whole-cell patch clamp of visually identified EX neurons in acute midbrain slices ( Fig. 1 A) . Antibodies directed against Ca 2ϩ /calmodulin-dependent protein kinase II ␣ (CaMKII) exclusively label neurons of EX in barn owls (Rodriguez-Contreras et al., 2005) . In pilot experiments, we identified the EX as the lateral portion of MLd (the chicken equivalent to the inferior colliculus), which also contains neurons positive to CaMKII (Fig. 1C ). EPSCs were evoked by lowintensity electrical stimulation of CSh ( Fig. 1 B) , which lies medial to EX (Puelles et al., 2007) . All experiments were performed in the presence of 100 M of the GABA A blocker picrotoxin. Synaptic responses had short peak latency (3.5 Ϯ 0.4 ms) and 20 -80% amplitude rise time of 0.8 Ϯ 0.2 ms. Their amplitude decreased uniformly during trains of stimuli at moderate frequency (10 Hz), without change in peak latency, which is consistent with activation of monosynaptic connections ( Fig. 1 B) .
HFS of the CSh afferents to EX consistently produced LTD ( Fig. 2 A, black circles) (n ϭ 8). LTD was blocked by intracellular dialysis with a low concentration (10 mM) of the calcium chelator BAPTA (Fig. 2 A, white circles) (n ϭ 5), indicating that this form of synaptic plasticity requires postsynaptic Ca 2ϩ . To elucidate the mechanism responsible for triggering LTD, we first examined the role of NMDARs. Bath application of D-AP5 (50 M) blocked LTD ( Fig. 2 B, black circles) (n ϭ 5), suggesting that NMDARs are involved. To determine the locus of these NMDARs, we included the activity-dependent NMDARblocker MK-801 (1 mM) in the recording-pipette solution in a separate experiment. MK-801 eliminated postsynaptic NMDAR currents ( Fig. 2 B, inset) but did not block LTD (Fig. 2 B, white circles) (n ϭ 6). These results are consistent with nonpostsynaptic NMDARs mediating LTD.
Recent studies have linked LTD induced by HFS with glutamate spillout (Massey et al., 2004; Yang et al., 2005) . Unlike HFS, low-frequency stimulation (LFS; one per second paired-pulse stimulation with a 40 ms interstimulus interval) of the CSh affer- ents to EX did not induce LTD (Fig. 2C , black circles) (n ϭ 6). To check whether a higher concentration of glutamate at the synaptic cleft was required for LTD, we tested the effect of LFS in the presence of the glutamate uptake inhibitor DL-TBOA (25 M). Under these conditions, LFS induced LTD (Fig. 2C , white circles) (n ϭ 5). This is consistent with spillout glutamate reaching nonpostsynaptic, presumably presynaptic, NMDARs.
To find out whether or not this LTD was expressed presynaptically, we examined pair-pulse ratio (PPR) before and after LTD induction. PPR has been extensively used as an indirect estimation of changes in release probability () at synaptic terminals (Zucker and Regehr, 2002) . A long-term increase in PPR was consistently observed after LTD induction, suggesting had decreased in the CSh terminals ( Fig. 3A ) (n ϭ 6). To corroborate the decrease in , we measured failure rates before and after LTD induction. In these experiments, we delivered weak focal stimulation (10 -30 A) to CSh to activate only a small number of fibers. This stimulation produced failure rates from 10 to 30%. HFS using the same weak stimulus significantly increased failure rates (237 Ϯ 70% relative to the baseline, p Ͻ 0.003; n ϭ 6) (Fig. 3B) . Although a reduction in the mean EPSC amplitude (including failures) was observed after HFS (58 Ϯ 20% relative to the baseline, p Ͻ 0.02), the potency of the synapse (mean EPSC amplitude without failures) was largely maintained (90 Ϯ 40% relative to the baseline). Together, these results indicate that LTD at CSh-EX synapse is caused by a long-lasting decrease in transmitter release.
As noted above, postsynaptic calcium is required to induce the presynaptic expression of this LTD. The observation that a presynaptic LTD requires postsynaptic signaling, suggests that a retrograde signal, synthesized in the postsynaptic compartment, instructs changes in the presynaptic site. Because postsynaptic calcium is required, we reasoned that eCBs could constitute such a signal. eCBs are synthesized postsynaptically from lipid precursors in both calciumdependent and calcium-independent processes (Wilson and Nicoll, 2002) and have been involved in presynaptic LTD . We tested the involvement of eCB by applying the LTD-induction protocol in the presence of AM-251 (2 M), a CB1R antagonist. AM-251 consistently blocked LTD induction (Fig. 4 A) (n ϭ 5), suggesting a role of CB1R in this process. To further explore whether CB1Rs were present at this synapse, we applied the CB1R agonist WIN55212-2 (WIN) to the bath solution (5 M). WIN decreased the amplitude of evoked synaptic currents (Fig. 4 B) (n ϭ 6) . In a subset of experiments, subsequent application of the CB1R antagonist SR-141716A (SR; 5 M) blocked the depression induced by WIN (Fig. 4 B) (n ϭ 3) , indicating that the effect of WIN is caused by a transient activation of CB1R and not a long-term one. Together, our results suggest that activation of both CB1Rs and presynaptic NMDARs is required to induce LTD in CSh-EX synapses. These results are the first evidence of the presence of CB1-like receptors in the avian inferior colliculus.
To identify the postsynaptic mechanism responsible for eCB release and subsequent LTD induction, we tested the involvement of metabotropic glutamate receptors (mGluRs). mGluR activation has been shown to induce eCB-mediated LTD in several preparations (see review by Chevaleyre et al., 2006) . Bath application of the group I mGluR antagonist LY 367385 (120 M) blocked LTD induction (Fig. 4C) (n ϭ 7) . In addition, application of the mGluR1/5 agonist DHPG (50 M) induced depression (Fig. 4 D, black circles) (n ϭ 4), expressed as a decrease in (data not shown). This depression was blocked by bath application of either AM-251 (Fig. 4 D, white circles) (n ϭ 4) or D-AP5 (Fig. 4 D, gray circles) (n ϭ 5). However, once established, the effect of DHPG was not affected by either LY 367385 (Fig. 4 E) (n ϭ 3) or The mean PPRs before (black circles) and after (10 min, white circles) LTD induction are shown on the right for six neurons. Example EPSCs, before and after (10 min) stimulation protocols, are shown above for each case. B, The failure rate increases after HFS. Overlap of 10 traces before and after HFS is shown above. Below, mean failure rate (left), mean EPSC amplitude including failures (middle), and mean EPSC amplitudes excluding failures 2 min before (before, black circles) and 10 min after (after, white circles) HFS (n ϭ 6).
by LY 367385 and AM-251 applied together (Fig. 4 F) (n ϭ 3) . These results indicate that, mGluR1/5 are both necessary and sufficient to produce LTD, mediated by eCB and NMDAR activation. Moreover, these results show that a transient exposure to eCB is sufficient to express mGluR-induced LTD.
Our data indicate that LTD is presynaptically expressed at this synapse. However, experience-dependent plasticity in barn owls has been associated with changes in the ratio between responses mediated by NMDA and non-NMDA receptors (Feldman and Knudsen, 1998) . We therefore tested whether postsynaptic NMDAR currents were selectively modified over AMPAR currents during LTD. Such change would not be evident holding the cells at Ϫ65 mV, a potential at which magnesium blocks most NMDAR current. Thus, both NMDAR and AMPAR components were monitored simultaneously by holding the cell's membrane potential at Ϫ10 mV throughout the entire recording. We found that both NMDAR and AMPAR currents decreased after LTD induction, as expected by the reduction in glutamate release. However NMDAR currents were significantly more depressed than AMPA currents (Fig. 5A) (n ϭ 5, paired t test, p Ͻ 0.0001) . The NMDA to AMPA ratios were similar before (0.68 Ϯ 0.09; n ϭ 4) and after (0.31 Ϯ 0.07) LTD induction, and before (0.72 Ϯ 0.13; n ϭ 4) and after (0.26 Ϯ 0.05) bath application of D-AP5. Furthermore, mGluR1/5 activation by DHPG elicited a sustained depression of the NMDAR component of mixed NMDA/AMPA currents monitored at Ϫ10 mV (Fig. 5B) (n ϭ 5). These observations suggest that, in addition to the decrease in release probability, there is a decrease in postsynaptic NMDAR currents.
NMDARs are known to have a higher affinity to glutamate than AMPARs (Patneau and Mayer, 1990) . This property could render NMDARs more responsive to glutamate spillout. Thus, it is possible that the reduction in NMDAR currents is a side-effect of the decrease in glutamate concentration at the synaptic cleft, induced by the reduction in neurotransmitter release. To investigate this possibility, we tested postsynaptic NMDAR response to glutamate by focal application of 5 mM glutamate onto EX neurons with a PicoSpritzer, in the presence of CNQX to block AMPA currents. After obtaining a stable baseline for 18 min, DHPG was applied. This allowed us to induce LTD without activation of the presynaptic compartment. We found that DHPG reduced postsynaptic NMDAR currents by almost 30% (Fig.  5C , white symbols) (n ϭ 4). In a subset of experiments the NMDAR antagonist 3-(2-carboxypiperazin-4-yl) propyl-1-phosphonic acid (CPP) was added at the end, to confirm that there was no residual component left unblocked. These results further show that a reduction in postsynaptic NMDAR currents contributes to the LTD.
We then searched for the mediators of the postsynaptic decrease of NMDAR activity triggered by LTD induction. Because postsynaptic effects of eCB-mediated LTD have been reported (Safo and Regehr, 2005) , we tested whether the reduction in the NMDAR component was also eCB-dependent. NMDA to AMPA ratios before (0.48 Ϯ 0.04; n ϭ 3) and after (0.51 Ϯ 0.07) HFS in the presence of AM-251 were not significantly different. In addition, the effect of DHPG on postsynaptic NMDAR currents was prevented by bath application of AM-251 (Fig. 5C , black symbols) (n ϭ 6). In fact, the amplitude of NMDAR currents increased. These results suggest that CB1Rs play a role in modulating postsynaptic NMDARs in the EX.
Because the effect of DHPG on postsynaptic NMDAR currents induced by focal application of glutamate is CB1R-dependent, we reasoned that postsynaptic CB1Rs could mediate it. We then tested whether pharmacological activation of CB1Rs could mimic the reduction in postsynaptic NMDAR currents induced by DHPG. Bath application of the CB1R agonist WIN55212-2 decreased postsynaptic NMDAR currents, measured with focal application of glutamate onto EX neurons and AMPA receptors blockade (Fig. 6 A) (n ϭ 5) . To examine whether the CB1Rs involved in decreasing NMDAR currents could be present on the postsynaptic side, we performed intracellular di- n ϭ 3) . D, The mGluR1/5 agonist DHPG applied to the bath induces depression (black circles, n ϭ 3), which can be blocked by the CB1R antagonist AM-251 previously applied to the bath (white circles, n ϭ 3). A representative plot of series resistance is shown on top. PPR values before and after DHPG application are shown on the right. E, F, Once the depression by DHPG is expressed, neither LY367385 alone (E; n ϭ 3) nor LY367385 and AM-251 applied together (F; n ϭ 3) can block this effect.
alysis of the G i/o -type G-protein blocker pertussis toxin (PTX).
The concentration of PTX used in this study (200 ng/ml) was higher than in other reports (Hall et al. 2001) . Hall et al. (2001) referred to changes in the amount of holding current and instability of membrane potential for PTX concentrations Ͼ50 ng/ml. We did not observe such effects in our recordings. Unlike group I mGluRs, CB1Rs are coupled to G i/o -protein. On breaking the seal with a pipette loaded with PTX, we observed a progressive increase in postsynaptic currents (Fig. 6C) (n ϭ 5) , with a higher increase in NMDAR than in AMPAR currents (Fig. 6C) . This effect developed and reached stability over ϳ20 -25 min. Intracellular PTX prevented the effect of WIN on the postsynaptic NMDAR currents (Fig. 6 A) (n ϭ 5) . WIN was applied 20 min into the recording, to provide enough time for the PTX to reach maximum effect. This effect was mimicked by intracellular dialysis with GDP-␤S, a broad G-protein blocker (Fig. 6 B) (n ϭ 4) , further indicating that the WIN-induced depression of NMDAR currents is mediated by G-proteins. To confirm the involvement of postsynaptic G i/o in LTD, we tested the effect of intracellular PTX in HFS-induced LTD. After the evoked currents had reached a plateau, HFS was applied to induce LTD (Fig. 6 D) (n ϭ 5). Although we were able to induce LTD in the presence of PTX, no decrease in NMDA/AMPA ratio was observed (Fig. 6 D) . These results suggest that postsynaptic CB1Rs coupled to G i/o are involved in the postsynaptic expression of the LTD.
Presynaptic CB1R activation decreases release probability by inhibiting the cAMP/protein kinase A (PKA) molecular pathway (Chevaleyre et al., 2007) . In fact, PKA has been implicated in several forms of synaptic plasticity (Otmakhova et al., 2000; Yasuda et al., 2003; Huang and Kandel, 1994) and in the modulation of postsynaptic NMDAR currents (Skeberdis et al., 2006) . If postsynaptic CB1Rs modulate NMDAR currents via PKA, intracellular dialysis with a PKA inhibitor should decrease NMDAR currents and/or occlude the changes in the NMDA/AMPA ratio induced by HFS. We found that PKA inhibitor PKI 6-22 (PKI) elicited a rapid and sharp reduction of NMDA/AMPA ratios ( Fig.  7A) (n ϭ 5) that occluded the effect of HFS on postsynaptic NMDAR currents (Fig. 7B) (n ϭ 5) . These results further support the hypothesis that postsynaptic CB1Rs mediate the postsynaptic expression of LTD.
Together, our results show that HFS in the chicken inferior colliculus triggers an LTD mediated by both presynaptic and postsynaptic mechanisms. The presynaptic effect consists of a reduction in release probability, which requires both NMDAR and CB1R activation. The postsynaptic effect is a preferential decrease of NMDAR currents mediated by CB1Rs and PKA inhibition on the postsynaptic cell.
Discussion
Although the auditory midbrain has been linked to experience dependent plasticity in birds and mammals (King et al., 1988) (for review, see Knudsen, 2002) , the synaptic bases of this function are still to be determined. In fact, evidence of long-term synaptic plasticity is scarce in the auditory midbrain (Hosomi et al., 1995; Zhang and Wu, 2000; Wu et al., 2002) . Here, we show that the afferent input to EX neurons in chicken embryos undergoes an eCB-dependent LTD. LTDs mediated by CB1R activation are most frequently expressed presynaptically (Lovinger, 2008) , although postsynaptic forms have also been reported (Safo and Regehr, 2005) . We found simultaneous changes in the pre-and the postsynaptic compartments mediated by CB1Rs.
Bath-applied D-AP5 but not intracellular MK-801 blocks LTD, indicating that nonpostsynaptic, presumably presynaptic, NMDARs are necessary for induction (Sjöström et al., 2003; Bender et al., 2006) . Because MK-801 was applied to the recorded neuron only, NMDARs in other postsynaptic cells might be involved in triggering LTD. However, two of our findings suggest that the induction of this LTD takes place in the single cell being recorded: intracellular dialysis with BAPTA prevents LTD induction and minimal stimulation is sufficient to elicit depression. The ability of glutamate-uptake inhibitors to facilitate the generation of LTD with low-frequency stimulation is consistent with glutamate spillout activating presynaptic NMDARs. However, the exact location of these receptors remains to be determined. It is noteworthy that bath application of D-AP5 not only blocks the LTD induced by HFS but also results in a transient potentiation of synaptic currents. This phenomenon is mediated by nonpostsynaptic NMDAR activation, as it is not elicited when postsynaptic NMDARs are blocked by MK-801. Thus, presynaptic NMDARs may play a role in changing the polarity of synaptic plasticity. Similar bidirectional plasticity has been reported for calcium chelators in the cerebellum (Coesmans et al., 2004) .
CB1Rs are among the most ubiquitous G-protein-coupled receptors in the brain (Herkenham et al., 1990) . When activated, CB1Rs mediate a substantial decrease in neurotransmitter release (Schlicker and Kathmann, 2001 ) and the induction of both shortterm (Llano et al., 1991; Kreitzer and Regehr, 2001; OhnoShosaku et al., 2001; Wilson and Nicoll, 2001 ) and long-term forms of synaptic depression (Gerdeman et al., 2002; Marsicano et al., 2002; Chevaleyre and Castillo, 2003; Sjöström et al., 2003) . Our data indicate that CB1Rs are expressed on both sides of the chicken CSh-EX synapse and together modulate synaptic function.
Modulation of the presynaptic compartment by eCB
Presynaptic NMDARs have been linked to LTD in several synapses (Lien et al., 2006; Corlew et al., 2007; Sjöström et al., 2007; Rodríguez-Moreno and Paulsen, 2008) . In some cases, this process is independent of postsynaptic activity (Humeau et al., 2003) . In others, postsynaptic activation is necessary (Duguid and Sjöström, 2006) . Here we found an example of the latter, because postsynaptic dialysis with BAPTA completely blocks LTD. The requirement of coincident activity at the postsynaptic and presynaptic compartments may confer specificity for synaptic modulations underlying learning processes. During early life, the EX of barn owls undergoes an activity dependent refinement of its afferent inputs, which requires an instructive signal (Knud- sen 2002). To produce an accurate map of auditory space, precise regulation of synaptic inputs is needed (DeBello et al., 2001 ).
Modulation of the postsynaptic compartment by eCB: reduction of NMDAR currents
The long-term reduction in NMDAR currents after LTD induction indicates that a change in NMDAR function takes place concomitantly with the decrease in release probability. This idea is supported by our finding that NMDAR currents induced by focal injection of glutamate decrease after DHPG application. This effect is mediated by CB1Rs because it can be blocked by AM-251 and be mimicked by bath application of WIN. The involvement of G i/o and PKA in the postsynaptic expression of LTD suggests that CB1Rs mediating changes in NMDA/AMPA ratios are located in the postsynaptic compartment.
To date, no report has shown long-term decrease in postsynaptic NMDAR currents mediated by eCBs. It remains to be shown, whether the decrease in NMDAR currents is caused by a change in NMDAR availability or function. Because changes in NMDAR currents are not measured at the hyperpolarizing potentials generally used in studies of synaptic plasticity, it is possible that this form of coincident plasticity is present in other systems but has not been detected. Kwon and Castillo (2008) showed an enhancement of postsynaptic NMDA transmission after presynaptic long-term potentiation in the mossy fiber to CA3 pyramidal cell synapse of the hippocampus. Our results indicate that the long-term changes in postsynaptic NMDA conductance may be mediated by postsynaptic CB1Rs. As such, and pending confirmation with electron microscopy, this represents novel evidence suggesting that eCBs act on the presynaptic and postsynaptic compartments independently.
In barn owls, the responses of EX neurons that are suppressed by experience contain a lower NMDA/AMPA ratio than newly acquired ones (Feldman and Knudsen, 1998) . Furthermore, a recent report showed that cAMP response element binding protein (CREB), a downstream target of the cAMP/PKA pathway, is involved in remapping the inferior colliculus during prisminduced learning in barn owls (Nichols and DeBello, 2008) . Our result that LTD at the CSh-EX synapse is mediated by a PKAdependent reduction of the NMDA/AMPA ratio is consistent with these findings. The synaptic mechanism described here could thus be relevant for the input remapping observed in vivo. reduced NMDA/AMPA ratios to ranges similar to control measurements using HFS. HFS with PKI in the pipette solution did not produce a further drop in the NMDA/AMPA ratios (n ϭ 5). B, Although HFS evoked LTD in the presence of PKI, the relationship between AMPA (black circles) and NMDA (white circles) components remained constant or increased. Top traces are an average of all the single traces recorded before and after HFS.
